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Description 



MICRO ELECTRO-MECHANICAL 
VARIABLE CAPACITOR 

Background of Invention 

[0001] This invention is generally related to micro- 
electromechanical system (MEMS) devices, and more 
specifically, to a variable capacitor that uses three- 
dimensional comb-drive electrodes which can be inte- 
grated into current state of the art semiconductor fabrica- 
tion processes. 

[0002] variable capacitors or varactors play a fundamental role in 
high-frequency and radio- frequency (RF) circuits. In the 
last few years, MEMS variable capacitors have drawn con- 
siderable interest due to their superior electrical charac- 
teristics. 

[0003] while variable capacitors using MEMS technology can be 
readily implemented in standard semiconductor devices 
for applications in aerospace, consumer electronics and 
communications systems, researchers have attempted to 



improve the tuning range of MEMS variable capacitors 
since the maximum capacitance tuning range achieved by 
parallel plate electrodes is limited. This is due to the non- 
linear electrostatic forces involved during actuation. Paral- 
lel plate electrodes exhibit a typical "pull-down behavior" 
at one-third the gap distance, leading to a maximum tun- 
ing capacitance of 1.5. Most previous approaches have re- 
sulted in an increased processing complexity and/or a 
large number of moving parts, leading to a drastic reduc- 
tion in reliability. Additionally, packaging MEMS devices 
and integrating them into CMOS integrated circuits pose 
great challenges. 
[0004] a. Dec et al., in an article entitled "RF micro-machined 

varactors with wide tuning range", published in the IEEE RF 
IC Symposium Digest, pp. 309-312, June 1998, describe 
the construction of a MEMS variable capacitor by actuating 
a movable electrode using two parallel electrodes above 
and below the movable electrode. The total capacitance 
tuning range is significantly enhanced as a result of the 
individual capacitance between the movable-top and 
movable-bottom being in series. The maximum tuning 
range achievable using this approach is a ratio of 2:1. A. 
Dec et al. report achieving a tuning range as high as 



1.9:1. Even though the tuning range significantly im- 
proves when using this approach, the process complexity 
increases correspondingly to a level that significantly re- 
duces their utility for industrial applications. 
[0005] U.S. Patent No. 6,661,069 describes a method of fabricat- 
ing a micro electro mechanical varactor using comb-drive 
electrodes as actuators. This approach is intended to in- 
crease the tuning range, but its construction, as de- 
scribed, involves fabricating the device on two separate 
substrates. The primary mode of actuation resides be- 
tween the fin structures within the device. Further, the de- 
vice is a three-port varactor and does not offer multiple 
actuating modes for enhancing the tuning range of the 
device. 

[0006] inview of the foregoing considerations, there is a distinct 
need in industry for variable capacitors which construction 
differs considerable from the parallel plate devices and 
which method of fabrication differs from the conventional 
methods previously discussed. In particular, what is re- 
quired are movable comb-drive electrodes for capacitance 
sensing and separate actuation electrodes for actuation of 
the movable comb drive electrodes. Preferably, the capac- 
itance should vary by actuating one or more of the elec- 



trode fingers, thereby varying the overlap area between 
the comb electrodes. The capacitance tuning range of 
such device requires to be greatly enhanced by taking full 
advantage of multiple modes of actuation if possible in 
such devices. Since multi-port capacitorsare required (i.e., 
atleast two ports for DC bias and two ports for the RF sig- 
nals), the signal capacitance should not require decou- 
pling as is the case in conventionalthree-port varactors. 
The device should further be fabricated using standard 
semiconductor fabrication techniques and allow for an 
easy integrated into semiconductor circuits. 

[0007] Accordingly, it is an object of the invention to provide a 

MEMS variable capacitor that utilized multi-fingered inter- 
digitated three dimensional comb drive electrode for 
sensing, while the control or actuation electrodes drive 
the motion of the movable comb drive electrode beams 
either individually or all in unison, leading to changes in 
capacitance. It is another object to provide a MEMS varac- 
tor wherein the switch contacts are separated by a dielec- 
tric to provide electrical insulation between the ground 
electrode and the actuation electrode. 

[0008] it is further an object to provide a MEMS variable capacitor 
with comb-drive electrode sensing for obtaining large ca- 



pacitance ratio or tuning range. 
[0009] it is yet another object to configure a plurality of MEMS 
variable capacitors in a variety of three-dimensional con- 
figurations. 

[0010] it is still another object to provide a MEMS varactor having 
controlled stress gradient in the comb-drive electrode fin- 
gers leading to large change in overlap area. 

[° 011 ] It is still another object to provide a MEMS variable capaci- 
tor wherein the number and type of support structures to 
the movable comb drive fingers vary to lower the drive 
voltages. 

[0012] n is still a further object to provide a method of fabricat- 
ing a MEMS variable capacitor using manufacturing tech- 
niques that are compatible with applicable to CMOS semi- 
conductor devices, which allows fabricating and packaging 
the MEMS device simultaneously and reduces the number 
of fabrication steps to a minimum while reducing the cost 
of processing. 
Summary of Invention 

[0013] MEMS based variable capacitors provide many advantages 
over conventional solid-state varactors. These devices op- 
erate at higher quality factors leading to low loss during 
operation. Two types of MEMS varactors are described 



herein: parallel plate and comb-drive varactors. 
[0014] M 0St widely investigated MEMS varactors are parallel plate 
capacitors with a movable electrode and a fixed electrode. 
The major disadvantage when using these MEMS devices 
is the limited tuning range of operation obtained upon ac- 
tuation of these devices. The inherent electro-mechanical 
aspects involved restrict the tuning range and lead to 
snap down of the movable electrode. This is often referred 
to as the "pull-down instability effect". Electrostatic forces 
acting on the movable electrode are non-linear in nature, 
causing this effect. On the other hand, in the comb-drive 
electrodes, the electrostatic forces acting on the movable 
electrode are linear (i.e., directly proportional to the dis- 
tance) which greatly enhances the tuning range. However, 
comb-drive electrodes are difficult to process and the 
change in capacitance obtained is very small (due to less 
area available). 

[0015] | n one aspect of the invention, the MEMS variable capaci- 
tor described includes both of the approaches, i.e., paral- 
lel plate and comb-drive capacitors that were thus far 
considered. A greater area is made available during tuning 
by fabricating a three-dimensional multi-layered elec- 
trodes in a comb-drive configuration. The non-linear 



electrostatic forces from the parallel plate approach are 
utilized to provide independent or simultaneous actuation 
to the comb drive electrodes. The movable and fixed elec- 
trodes are processed sequentially on a single wafer. The 
intrinsic stress gradient in the film stack, metal layer and 
the metal interconnections is used to form curved beams 
of controlled topography. Devices having separate DC 
ports for actuation and RF ports for sensing are formed 
using this configuration, the RF (signal) electrodes being 
formed by the comb drive electrodes, and the actuator 
electrodes formed underneath the movable electrodes, 
provide actuation to the movable beams. The ground 
plane electrode is electrically isolated from the sensing 
comb-drive electrodes by lack of inter-level vias. 
[0016] After completion of the processing and release of the 
MEMS variable capacitor , the device is advantageously 
packaged and encapsulated in dielectric by utilizing a sec- 
ond carrier wafer with trenches and precision aligning to 
completely cover the released MEMS structure. The height 
of the trench on the carrier wafer is determined by the 
maximum tip deflection of the movable comb drive elec- 
trode. Finally the device is encapsulated with polymeric 
material in order to provide controllable environment for 



the MEMS device during operation. 
[0017] | n a second aspect of the invention, the actuation elec- 
trodes underneath the movable comb-drive electrodes are 
combined to provide a single actuation for all the elec- 
trodes having the same polarity. The electrodes with op- 
posite polarity are separately actuated. The inventive vari- 
able capacitor operates under four modes of actuation, 
thereby leading to a change in capacitance in each of the 
four modes. 

[0018] | n a third aspect of the invention, the actuation electrodes 
underneath the movable comb-drive electrodes are indi- 
vidually actuated for electrodes having opposite polarity 
and, hence, they provide numerous states or modes of 
operation. For each of the modes, the capacitance of the 
device changes when compared to equivalent prior state 
devices. The capacitance tuning of the device is greatly 
enhanced by gradually stepping up the actuation for the 
device. 

Brief Description of Drawings 

[0019] These and other objects, aspects and advantages of the 

invention will be better understood from the detailed pre- 
ferred embodiment of the invention when taken in con- 
junction with the accompanying drawings. 



[0020] pig.l is a cross-section view of the MEMS variable capaci- 
tor of the present invention depicting two interdigitated 
electrodes, positive and negative electrodes , seen at a cut 
through the lines A-A' shown in Fig. 2. 

[0021] pig. 2 is a top-down view of the functional MEMS variable 
capacitor in accordance with the present invention. 

[0022] pig. 3 is a cross-sectional view of the device shown in Fig. 
1, seen at a cut through the lines A-A' shown in Fig. 1. 

[0023] Fig. 4 is a cross-section view of the device shown in Fig. 
1, seen at a cut through lines B-B' shown in Fig. 1. 

[0024] Fig. 5 shows a schematic cross-section view of the device 
at zero actuation (mode 1) of the device shown in Fig. 4 . 

[0025] Fig. 6 shows a cross-section view of the device at actua- 
tion of the positive electrode (mode 2) of the device 
shown in Fig. 4. 

[0026] Fig. 7 shows a cross-section view of the device at actua- 
tion of the negative electrode (mode 3) of the device 
shown in Fig. 4. 

[0027] Fig. 8 shows a cross-section view of the device at actua- 
tion of both the positive and negative electrodes (mode 4) 
of the device shown in Fig. 4. 

[0028] Fig. 9 is a cross-section view of the MEMS variable capaci- 
tor depicting multiple interdigitated electrodes, positive 



and negative electrodes, seen at a cut through the lines 
C-C shown in Fig. 2. 

[0029] pigs. 10-13 are cross-sectional views of the MEMS vari- 
able capacitor at actuation of all or some of the positive 
and negative electrodes, seen at a cut through the lines 
C-C shown in Fig. 2 . 

[0030] pigs. 14 -15 are top-down views of the device wherein 

actuation electrodes are attached to a single pad or sepa- 
rate actuation pads. 

[0031] Fig. 16 is a top-down view of the device, wherein support 
structures are provided to the movable electrodes to re- 
duce the actuation voltage of the device. 

[0032] Fig. 17 shows a top-down view of the device, wherein 

movable electrodes are attached at both the ends result- 
ing in movable beams in a fixed configuration. 

[0033] Fig. 18 shows a cross-section of the MEMS variable capaci- 
tor having fixed-fixed beam electrodes. 

[0034] Fig. 19 shows a top-down view of the device, wherein 
support structures are provided to achieve fixed-fixed 
movable electrodes to reduce the actuation voltage of the 
device. 

[0035] Fig. 20 is a cross-section view of the MEMS variable ca- 
pacitor showing one of the electrode in the actuation state 



Fig. 21 shows a top-down view of the MEMS variable ca- 
pacitor wherein one electrode is fabricated with both ends 
attached to the dielectric, while the other electrode is at- 
tached to only one end. 
[0036] pig. 22 shows a cross-section view of MEMS variable ca- 
pacitor, with an actuated electrode attached to one end 
along with a non-energized fixed electrode. 
Detailed Description 

[0037] The present invention will now be described more fully, 
hereinafter with reference to the drawings, in which pre- 
ferred embodiments are shown. 

[0038] Referring to Fig.l, there is shown a cross-section view of 
the three dimensional micro electro mechanical system 
(MEMS) variable capacitor according to the invention. The 
device is built on a substrate 11 upon which the movable 
beams 10 and 20 and fixed electrode 86 are sequentially 
fabricated, using conventional semiconductor fabrication 
techniques. The electrodes 10 and 20 are built in a comb- 
drive electrode configuration wherein one end of the 
comb-drive finger is attached while the other end is free 
to move. The two electrodes 10 and 20 are of opposing 
polarity and form the two electrodes of a capacitor. The 
capacitance between the two electrodes is determined by 



the overlap sidewall area between the two electrodes and 
finger spacing between the electrodes. The electrodes 10 
is preferably made of a multi-layered metallization con- 
nected with inter-metal via connections. The bottom elec- 
trode, 85 of the movable comb drive finger acts as the 
ground plane electrode for the actuation electrode 86. The 
electrodes 85 and 86 operate as parallel plate electrodes 
separated by air gap 110. A voltage potential applied be- 
tween electrodes 86 and 56 generates the electrostatic 
force necessary to pull the comb-drive electrode 10 to- 
wards the substrate. This, in turn, produces a change in 
the overlap sidewall area between the electrode 10 and 
20, leading to a change in capacitance between the two 
finger structures. The ground plane electrode 85 and ac- 
tuation electrode 86 are electrically isolated by insulating 
layers 56 and 55. This isolation is required to avoid any 
electrical shorting between the electrodes 85 and 86 upon 
actuation. The movable electrodes 10 and 20 are attached 
to metal strap pads 50 and 60, respectively, which allow 
for sensing the capacitance of the device. The actuation 
electrode 86 is connected byway of metal pad 52 through 
the metal interconnections, offering simultaneous or indi- 
vidual actuation. Metal strap pads 50 and 60 are used as 



RF sensing pads, while the actuation metal pads 52 and 
62 are used as DC actuation pads. The inventive varactor 
is illustrated only as a two level (i.e., tier) capacitor. Prac- 
titioners of the art will readily recognize that many other 
levels can be added to increase the amount of capacitance 
created by the capacitive device. 
[0039] pig. 2 is a top-down view of the functional MEMS variable 
capacitor . The device is formed by comb-drive electrodes 
separated from each other by a given space. The elec- 
trodes 10 and 20 span across the width of the capacitor. 
The length of the device is determined by the overlap 
length of the electrodes 10 and 20. The electrodes, form- 
ing the two electrodes of the MEMS variable capacitor 10 
and 20 are of opposite polarity, and are electrically inso- 
lated. The gap separating the two electrodes 10 and 20 
and the sidewall overlap area between the two electrodes 
determines the capacitance of the device. Electrodes 10 
and 20 are formed in an comb-drive configuration, and 
are further connected by way of metal via connections 30 
and 40 along the finger length. These metal via connec- 
tions 30 and 40 are spaced at regular intervals along the 
length of the actuation electrode 10 and 20, to maximize 
the sidewall area of the comb electrodes. Metal vias inter- 



connections 70 and 80 are placed across the width and 
length of the metal straps 60 and 50, respectively. The 
boundary defined by the shape 100 shows the cavity area 
with the air gap 110 in which the movable electrodes 10 
and 20 are to be formed. 
[0040] pig. 3 shows a cross-section of the three-dimensional 
MEMS variable capacitor seen through a cut defined by 
line A-A' (see Fig. 2).The electrode 20 is formed by a plu- 
rality of multi-level metallization interconnected with via 
connections 40. The sidewall area of the capacitor is de- 
termined by the number of metallization lines and via in- 
terconnections. The capacitance of the device and its tun- 
ing is, in turn, determined by the sidewall area of the 
electrode. The movable electrodes 20, the via intercon- 
nections 40 and the ground plane electrode 86 are co- 
planar and are physically embedded in the same dielectric 
21 defined by boundary 22 . Further, the movable beam 
20 and the ground plane electrode 86 are separated and 
are electrically insolated, with no metal via connections. 
Movable electrodes having similar polarity 20 are all con- 
nected to the adjacent metal structure 50, as shown in 
Figs. 2 and 3. For simplicity, the metal structures 50 will 
be, henceforth, referred to as metal straps. The metal 



strap 50 is also connected by way of metal via connec- 
tions 80. The movable electrodes, the ground plane elec- 
trodes and the metal strap are inserted within dielectric 
21, as it is typically done in the semiconductor fabrication 
process commonly referenced as damascene process. The 
electrode structure is attached at one end and is free to 
move at the other end in an air gap cavity defined by re- 
gion 110. The formation of cavity 110 is described in de- 
tail in U.S. Patent No. 6,635,506, which is hereby incorpo- 
rated in its entirety by reference. 
[0041] | n the preferred embodiment, the metal connections and 
electrodes are, preferably made of copper, with a suitable 
liner and barrier material, such as Ta, TaN, Ti, TiN, W, and 
the like. Each metal conductor in electrode 20 is approxi- 
mately 5000 A- 8000A thick. Conductor 85 is illustrative 
of an actuation electrode, wherein the gap separating 
electrodes 85 and 86 determines the actuation voltage of 
the device. 

[0042] a cross-section image as seen through section B-B' (see 
Fig. 2) depicting the structure of electrode 10 is shown in 
Fig. 4. This electrode is the other movable comb drive 
electrode which forms the second electrode of the capaci- 
tor. Similar to electrode 20, the metal layers in the mov- 



able electrode 10 are connected by metal via connections 
30. They are also attached to adjacent metal structure 60, 
i.e., the metal strap for these electrodes. The metal levels 
in strap 60 are electrically connected using metal via con- 
nections 70. The via connections 30 are regularly spaced 
and are fully populated along the length of the actuation 
electrode 10 to maximize the sidewall area of the comb 
electrode 10. Similar to the other comb-drive electrode 
20, the ground plane electrode 96 and metal layer 10 are 
electrically isolated, allowing no metal connections. Mov- 
able electrodes 10 and ground plane electrode 96 are 
formed within dielectric 21, as defined by boundary 22. 
The electrode 96 and actuation electrode 95 are electri- 
cally isolated by insulating layers 56 and 55, respectively. 
[0043] Referring to Fig. 3 and Fig. 4, the overlap area of comb 
drive fins 10 and 20 varies significantly, typically of the 
order of l,000um 2 . The length of movable beams 10 and 
20 (Fig. 2) varies, ranging from 20 urn to over 200um. The 
actuation electrodes 95 and 85 (Figs. 3 and 4) provide the 
necessary actuation , forcing them to maintain a vertical 
position relative the other comb drive electrode. The at- 
tractive force between actuation electrodes 95 and 96 de- 
pends on the overlapping areas of these metal surfaces 



and the gap distance between the two surfaces. The mo- 
tion of these actuation electrodes is expected to follow 
the parallel plate electrode dynamics. The actuation elec- 
trodes 85 and 86 are expected to have similar motion and 
actuation voltages. The metal via connections 30 and 40 
are provided with a sidewall area ranging from 0.5 to 2 
urn 2 . The total sidewall area of each electrode 10 and 20 
ranges from 0.5 to 50 urn 2 , although its dimensions may 
vary by making it deeper or longer in order to maximize 
the area of electrode 10. The change in sidewall overlap 
area between the electrodes 10 and 20 due to the actua- 
tion of the actuation electrodes 90 and 91 determines the 
capacitance variation of the MEMS device. The electrodes 
10 and 20 are embedded in the dielectric 21 made of 
combination of dielectric films of Si0 2 and SiN. The insu- 
lating films 56 and 55 are typically made of SiN or SiCN, 
having a thickness ranging from 200A - 700A. The initial 
curvature of the movable beams 10 and 20 is determined 
by the intrinsic stress and stress gradient along the thick- 
ness of the beam. It can be controlled by varying the de- 
position conditions and thicknesses of the beams mate- 
rial. For a beam material preferably made of copper, the 
deposition conditions, such as current density, bath con- 



ditions and temperature can be varied. In addition, the 
thickness of the associated liner material can be varied to 
control the initial curvature of the beam. 
[0044] pigs. 5 - 8 are schematic diagrams illustrating the four 

different modes of operation of the MEMS variable capaci- 
tor, wherein all the movable electrodes having the same 
polarity are simultaneously actuated. Fig. 5 shows the ini- 
tial mode of operation of the device, in which the elec- 
trodes 10 and 20 are not actuated. This provides the ini- 
tial capacitance of the device. Fig. 6 shows the state 
wherein the movable electrode 20 is fully actuated while 
the electrode 10 remains in its initial state. Fig. 7 shows 
the state wherein the electrode 10 is fully actuated and fi- 
nally Fig. 8 shows the state wherein both the electrodes 
10 and 20 are actuated. By stepping through each of the 
modes from the initial state, a change in sidewall overlap 
area is observed, which leads to a change in capacitance 
for the device. 

[0045] pig. 9 shows the cross-section view of the MEMS variable 
capacitor, as shown through section CC of Fig. 2. The 
electrodes 10 and 20 are of opposing polarity and face 
each other. The presence of number of via connections 30 
along the finger length of the electrode 10 provides an 



electrode in a vertical parallel plate configuration. The 
metal levels forming the electrode 10 and 20 are con- 
nected by vias 30 and 40, respectively. Further, these vias 
are aligned in order to maximize the overlap sidewall 
area. The electrodes are suspended by support structures 
at one end in the air gap cavity 110. The metal levels in 
electrode 10 and ground plane electrode 95 are embed- 
ded in the dielectric layer 21. The via connections 30 and 
40 can be connected by an insulating dielectric or by a 
deformable elastomeric material that exhibits a large 
change in conductivity with a small amount of displace- 
ment. The presence of such a conducting elastomeric ma- 
terial not only increases significantly the mechanical relia- 
bility of the structure but also the overall sidewall area. 
[0046] pigs. 10 -13 illustrate four different modes of operation 
of the device when the electrodes are independently actu- 
ated. Fig. 10 shows the initial state of the device, with the 
comb drive electrodes not actuated. Fig. 11 shows the 
state where the actuation electrodes corresponding to 
movable electrode 10 are actuated. Fig. 12 shows the 
state where the electrodes corresponding to movable 
electrode 20 are actuated. Fig. 13 shows the state where 
the electrodes corresponding to both the movable elec- 



trodes 10 and 20 are simultaneously actuated. Note that 
the four actuation modes depicted represent only some of 
the many different combinations of actuations that are 
possible for the capacitor. In each actuation state, the 
sidewall area between comb drive electrodes changes 
from its initial state. By way of example, when the device 
is actuated to the state shown in Fig. 11 from an initial 
state of shown in Fig. 10, a change in sidewall area of the 
capacitance is observed. Further, sequential actuation of 
the one or more of the electrodes produces a gradual in- 
crease or decrease in the overlap area and, correspond- 
ingly, on the capacitance. 

[0047] pig. 14 is a top-down layout view of the MEMS variable 
capacitor with the actuation pads 52 and 62, wherein all 
the actuation electrodes are connected by way of inter- 
connections 43 and 42, respectively. Fig. 15 shows a top- 
down layout view of the device, wherein the actuation 
electrodes for each of the comb drive electrodes are dis- 
connected and ready to be actuated individually. 

[0048] pig. 16 shows a top-down layout view of the MEMS vari- 
able capacitor where the support structures 37 and 38 for 
the comb drive electrode 10 and 20 are used to reduce 
the stiffness of the electrodes. Given the width of the ox- 



ide and metal thickness in the support structure area, the 
mechanical stiffness of the electrodes is reduced, leading 
to lower actuation voltages. 

[0049] pig. 17 shows another embodiment of the device structure 
wherein both ends of the comb drive electrode are at- 
tached to a dielectric layer, leading to movable beams in a 
fixed beam configuration. The mechanical stiffness of the 
drive electrode manufactured in this fashion is expected 
to be more than the electrodes fabricated in a cantilever 
beam fashion, as previously described. Figure 18 is a 
cross-sectional view of a fixed comb-drive electrode, as 
seen through the section AA' of Fig. 17. 

[0050] Figure 19 is a top-down view of the MEMS variable capaci- 
tor structure wherein the support structures 37 and 38 are 
used to reduce the stiffness of a fixed comb-drive elec- 
trodes 10 and 20. Figure 20 illustrates a cross-section 
view of the device structure as seen through lines A-A' 
(Fig. 19). Therein, one electrode 10 is actuated, leading to 
a pull-down action of the ground electrode, while the ad- 
jacent electrode 20, with its opposite polarity is not actu- 
ated. 

[0051] Figure 21 shows a top-down view of device structure 
wherein electrodes 10 of one polarity are formed in a 



fixed configuration, while the electrodes 20, having an 
opposing polarity, are attached at one end. Finally, the 
cross-section view of the device as seen through section 
A-A' (Fig. 21) is shown in Fig. 22. The state corresponding 
to the electrode 20 attached at one end is actuated, while 
the electrode 10 that is attached at both ends remains at 
its initial state. 

[0052] while the invention has been described in conjunction 

with a preferred embodiment, it is to be understood that 
many alternatives, modifications and variations will be ap- 
parent to those skilled in the art in light of the aforemen- 
tioned description. Accordingly, it is intended to embrace 
all such alternatives, modifications and variations which 
fall within the spirit and scope of the appended claims. All 
matters set forth herein or shown in the accompanying 
drawings are to be interpreted in an illustrative and non- 
limiting sense. 



